This paper describes the experimental behavior of a pure iron magnetic shield for a single-phase underground power line. We have built a 0,5 mm-thick 2 m-long cylindrical shell. The measures realized show that this shield is very effective in order to reduce the magnetic field generated by a single-phase power line placed inside the shield, just in its center. It is well known that the relative magnetic permeability of ferromagnetic materials decreases sharply when magnetic fields intensities H are very weak (below 0,1 A/m) and when they are very strong (due to saturation phenomena). In these situations the shielding efficiency of these materials is dramatically reduced. This means that the selection of an adequate material to act as a magnetic field is decisive. In order to maximize the absorption losses, such a material must have a high magnetic permeability and a high electric conductivity when dealing with very weak magnetic fields. For these reasons we have selected the purified iron (with a pureness at least 99'95 %). The ferromagnetic material of the shield (in the studied case is the pure iron) absorbs the magnetic field generated by the buried power line and just a very small portion of the magnetic field survives outside the shield. It is due that as the shield is made pure iron, which has a high electrical conductivity, the induced eddy generate a magnetic field opposed to the magnetic field generated by the power line. Due to the opposed magnetic field, the total magnetic field H outside the shield is reduced.
Introduction
In this work we have built a cylindrical shell that acts as a magnetic shield for an underground single-phase power line. We have measured its behavior by using a magnetic field meter. It is well known that electrical machines and power lines create magnetic fields in their proximity. These magnetic fields are undesirable and can produce electromagnetic interferences in the electric and electronic equipments placed in their surroundings. In June of 2001, IARC (International Agency for Research on Cancer) published a document [1] explaining that the pooled analyses of data from a number of well-conducted studies show a fairly consistent statistical association between a doubling of risk of childhood leukaemia and power-frequency (50 or 60 Hz) residential ELF magnetic field strengths above 0.4 µTesla. But many other medical studies conclude that electric and magnetic fields generated by power lines are not harmful for human beings. Nowadays, the scientific community have not reached to a consensus about the possible harmful effects of magnetic fields on the human body. For these reasons and by applying the principle of caution, we think that it is very important to investigate the behavior of low-cost magnetic shielding materials, such as pure-iron and others in order to build inexpensive magnetic shields for power lines, power transforms, etc. The magnetic fields generated by underground power lines have intensity values of some µT in the vertical of the line (1 m above the floor surface). The magnetic field decreases sharply when the distance to the line increases. Magnetic fields generated by the power lines have very low intensities (about 1-10 µT). It is well known that the relative magnetic permeability of ferromagnetic materials decreases sharply when magnetic fields intensities H are very weak (below 0,1 A/m) and when they are very strong (due to saturation phenomena). In these situations the shielding efficiency of these materials is dramatically reduced. This means that the selection of an adequate material to act as a magnetic field is decisive. Such a material must have a high magnetic permeability and a high electric conductivity when dealing with very weak magnetic fields in order to maximize the absorption losses. For these reasons we have selected the purified iron [1] (at least 99'95 % pureness) that combines a very high electric conductivity with high permeability values for low magnetic fields.
The electric and magnetic properties of pure-iron
In order to build the magnetic shield, we have selected the purified iron (99'95 % pureness). This is due to the fact that purified iron has a high magnetic permeability when dealing with weak magnetic field intensities and also has a high electric conductivity and reduced hysteresis losses. Table I shows the pure-iron electric and magnetic properties.
TABLE I. Electric and magnetic properties for purified iron [2] .
Material Purified Iron
Electric conductivity σ = 10 When dealing with a fixed frequency, the magnetic field reduction factor is very dependent on the skin depth δ. The skin depth is one of the most important factors to take into consideration when designing a magnetic field shield.
The skin depth can be calculated from the following expression: πfµσ / 1 = δ being f the electric network frequency expressed in Hz, µ the absolute permeability of the material of the shield expressed in H/m, and σ its electric conductivity expressed in (Ω.m) -1 .
The magnetic shield and the magnetic field meter
The magnetic shield consists on a pure-iron cylindrical shell with a nominal thickness of 0,5 mm and an approximate external diameter of 30 cm, as shown in figure 1 . The two conductors of the single-phase line are parallel and they are separated 18,25 cm. In order to measure the magnetic field, we have used a three-axis HIBOK EMF-829 magnetic field meter. This meter measures the magnetic field in an orthogonal a three-axis system. It is based on three orthogonal sensors X, Y and Z and allows us to read the measured value in each single axis and also allows us to measure the RMS value of the three-dimensional magnetic field. This means that the measurement is independent of the spatial orientation of the meter. The accuracy of the HIBOK EMF-829 magnetic field meter is ± 3 % and in the used scale of 20 µT is 0,01 µT. It has a broadband from 30 Hz to 2000 Hz and fulfills the CE standards. Figure 2 . The three-axial magnetic field meter.
Computation of the magnetic field of a single-phase line
It is well known that the magnetic field intensity of an infinite-long conductor that carries a current intensity I i can be expressed as: From figure 3 it can be deduced the vectorial expression of the magnetic field created by an infinite conductor as follows: 
The geometry of the experimental arrangement
In this work we study a 230V single-phase line, which carries an intensity of 54,4 A. As shows equation (1), the magnetic field strength in a given point of the space is directly proportional to the current intensity of the singlephase line. Figure 4 shows the experimental arrangement built in order to measure the magnetic field in the vicinity of the magnetic field shield. As explained before, the total magnetic field has been measured in the straight line placed in the vertical of x = 0 (y axis in figure 4 ). The components of the experimental arrangement can't be made of iron or any ferromagnetic material because they could interfere the measurements. is the magnetic field intensity in the same point when the shield is present. If due to the shied, the magnetic field is reduced, the values of the magnetic field reducing factor will be positive, but if there was an increment of the magnetic field, their values would be negative.
Calibration of the methodology
Before measuring the shield efficiency (RF % ), we have tested the methodology proposed in this work by comparing the magnetic field in the vicinity of the singlephase line obtained by using two methods: the first method consists on computing the magnetic field by applying equation (1) while second method consists on measuring the actual magnetic field by using the HIBOK EMF-829 meter. Table II shows the values of the magnetic field by applying the two methods. figure 5 it can be deduced that the measured values of the magnetic field intensity are very similar to the computed values. This means that we can deduce that the proposed methodology is valid in order to measure the shielding efficiency of the pure-iron magnetic shield.
Results
In this heading we present the measured magnetic field intensities when a 0,5 mm-thick cylindrical pure-iron magnetic field is present. Tables III shows the magnetic field intensities, measured in the straight line placed in the vertical of x = 0. 
Conclusions
Once the study has been realized, the following conclusions can be deduced:
• It has been shown that not expensive shielding materials as pure-iron are able to be used for shielding the B fields generated by a single-phase power line.
• The theoretical values generated by the single-phase line are very close to the measures made in this work.
• The measurements realized in this work show that when dealing with a pure-iron cylindrical shield with a thickness of 0,5 mm, the magnetic fields values near the single-phase power line are reduced approximately in a factor of 70 %.
• In future works we will research other not expensive soft ferromagnetic materials that can be used to build very effective magnetic shields.
